Objective: To examine the association between a history of type 2 diabetes and birth weight of offspring and grandchildren. Design: Prospective observational study. Diabetic status, as reported by mothers (F1 generation) was collected on grandparents (F0) of babies (F2) born to mothers (F1) who participated in a study of maternal and child health. Associations between risk of grandparental diabetes and birth weight in mothers (F1) and grandchildren (F2) were analysed using linear and logistic regression. Setting: Avon: comprising of the city of Bristol and surrounding areas. Participants: 12 076 singleton babies (F2), their parents (F1) and maternal and paternal grandparents (F0). Results: Women (F1) who had no parents with type 2 diabetes had lower birth weights than women with one or two diabetic parents, after controlling for the age of both parents. There was a U shaped association between maternal birth weight and grandmaternal diabetes, but no evidence of an association with grandpaternal diabetes. The grandchildren of maternal grandparents with type 2 diabetes were more likely to be in the top tertile of birth weight than grandchildren of non-diabetics. There was evidence for an inverted U shaped association between birth weight of grandchildren and diabetes in paternal grandmothers. Conclusions: This is the first study to show intergenerational associations between type 2 diabetes in one generation and birth weight in the subsequent two generations. While the study has limitations mainly because of missing data, the findings nevertheless provide some support for the role of developmental intrauterine effects and genetically determined insulin resistance in impaired insulin mediated growth in the fetus.
S
tudies investigating the role of early life factors in the development of chronic disease have demonstrated both U shaped 1 and inverse 2 associations of birth weight with insulin resistance and type 2 diabetes in later life. Associations with high birth weight may be attributable to a high prevalence of maternal type 2 diabetes, 1 3 or gestational diabetes, 4 while it has been hypothesised that low birth weight associations are attributable to a programmed response to fetal undernutrition, 5 6 or to genetically determined insulin resistance causing both low insulin mediated fetal growth and subsequent insulin resistance in adulthood-the ''fetal insulin hypothesis''. 7 The positive associations between parental and offspring birth weight [8] [9] [10] [11] suggest that there may in turn be associations between chronic disease in parents-and possibly earlier generations-and offspring fetal growth. Evidence for such birth weight intergenerational effects has come from both animal and human studies. Pregnant rats fed a protein deficient diet over 12 generations had fetuses in which growth became poorer in each subsequent generation, and after restoration of a normal diet a further three generations were required before growth was normalised. 12 Studies in human populations have reported inverse associations between birth weight and parental cardiovascular disease mortality [13] [14] [15] and maternal blood pressure 16 and several research groups have now also shown that birth weight of offspring is inversely related to risk of diabetes in parents. An inverse association between birth weight of offspring and risk of type 2 diabetes in fathers was demonstrated among Pima Indians, a population with a high prevalence of this disorder. 17 More recently, studies in populations with lower diabetes prevalence have reported that birth weight of offspring is inversely related to insulin resistance in 60-79 year old women, 18 that birth weight adjusted for gestational age, is inversely related to both maternal and paternal diabetic mortality, 19 and that reported maternal and paternal type 2 diabetes is associated with lower offspring birth weight in the 1958 birth cohort. 20 These findings point to the contribution of common genetic factors to the relation between birth weight and risk of type 2 diabetes.
The Avon longitudinal study of parents and children (ALSPAC), formerly known as the Avon longitudinal study of pregnancy and childhood, afforded an opportunity to further explore such intergenerational effects. The following hypotheses were tested: N Grandmothers (F0 generation) who develop type 2 diabetes in later life have both (a) a higher prevalence of large babies (F1) than non-diabetic grandmothers (reflecting the well known effects of frank diabetes and gestational diabetes on birth weight), and (b) maternal diabetes genes resulting in low birth weight babies; N Grandfathers (F0) with type 2 diabetes have, through diabetes genes, smaller offspring (F1) than non-diabetic grandfathers; who had an expected date of delivery between 1 April 1991 and 31 December 1992. 21 The cohort, which is broadly representative of the UK population in terms of socioeconomic position, has been described in detail elsewhere. 22 Briefly, the overall aim of the study was to determine environmental and genetic factors associated with the health and development of the fetus and child. Detailed information was obtained from the mothers (F1) via self completion questionnaires administered during pregnancy, and birth details of the babies (F2) were added. Data collected included:
N Maternal and paternal grandparents (F0): age (years), cigarette smoking (yes, no), diabetes not requiring insulin as reported by offspring (yes, no), subsequently labelled ''type 2 diabetes''; N Mother (F1): birth weight (g), height (cm), parity (0,1+), ethnicity (white, other), cigarette smoking during pregnancy (yes, no); N Baby (F2): sex, birth weight (g), gestational age (weeks).
People with missing data on the above variables were excluded from the analyses, and parents with reported birth weights over 5640 g (this being the highest birth weight in the F2 generation) were also omitted. Figure 1 shows the three generations and the hypothesised associations of subsequent type 2 diabetes risk.
STATISTICAL ANALYSES
Type 2 diabetes in maternal grandparents (F0) and birth weight of mothers (F1) Linear regression was used to compute birth weights of mothers, adjusted for grandparental age, according to grandparental type 2 diabetic status: (a) neither maternal grandparent, (b) maternal grandmother only, (c) maternal grandfather only, or (d) both grandparents having diabetes. Logistic regression was used to calculate odds ratios (ORs) for the association between grandparental type 2 diabetes and mother's birth weight. Crude analyses, and analyses controlling for age and smoking status of grandparents, were performed. To search for a non-linear relation likelihood ratio tests were carried out with and without the square of maternal birth weight.
Type 2 diabetes in grandparents (F0) and birth weight of grandchildren (F2) Linear regression analyses were used to test for differences between fully adjusted mean birth weights (adjusted for sex and gestational age) of grandchildren according to grandparental type 2 diabetic status: (a) at least one maternal grandparent only, (b) at least one paternal grandparent only, (c) at least one maternal and at least one paternal grandparent, and (d) neither grandparent having diabetes. ORs were calculated in a similar way to those for mothers (F1), first using birth weight adjusted for gestational age and sex of the baby, with further adjustment for the square of gestational age, mother's height, smoking status of mother during pregnancy, parity, and ethnic origin, and additionally controlling for age and smoking status of the grandparent. Because of missing data, particularly in the F0 generation, we also examined the birth weight distributions of the F2 generation for babies by availability of grandparents age and diabetic status. We further examined the association between grandparental type 2 diabetes risk and availability of data by age of grandparents. All analyses were performed using Stata 7.0 (Stata, College Station, TX).
RESULTS
Birth weights were available for 6978 (57.8%) mothers (F1). After omitting one mother with an improbable birth weight the mean birth weight (standard deviation) was 3263 (607) g. For the 12 076 babies (F2) (5861 girls and 6215 boys) available for inclusion in the analyses, mean birth weight of girls was 3368 (510) g, and that of boys was 3476 (559) g. Babies for whom grandparental age data were available were 20.6 g to 101.8 g heavier at birth and babies for whom grandparental diabetic status data were available were 24.4 g to 109.0 g heavier than babies for whom these data were not available. Mean gestational age was 39.5 (1.8) weeks. The correlation between infant (F2) birth weight and maternal (F1) birth weight was 0.23 (p,0.001). Type 2 diabetes in grandparents (F0) and birth weight of mothers (F1) Table 1 shows the completeness of reporting of type 2 diabetic status of grandparents (F0) and the numbers and proportions for whom offspring (F1) birth weights were available. Mothers and fathers with available birth weight data had the same probability of having a diabetic parent as non-reporters. Although there were statistically significant differences in the parity, ethnic background, the proportion of mothers who smoked during pregnancy, height, and infant birth weight of reporters compared with non-reporters, these differences were very small (data not shown). Data on diabetic status were available on over 93% of maternal grandparents compared with over 65% of paternal grandparents. The prevalence of diabetes was similar for both sets of grandparents. Data on parental (F1) birth weights were available for just under 60% and 25% of mothers and fathers respectively. In view of the paucity of data on the diabetic status of paternal grandparents (F0) and the birth weight of fathers (F1), analyses of the association between type 2 diabetes in grandparents and birth weight of their own offspring were restricted to investigation of the association in maternal grandparents (F0) and their daughters (F1). Table 2 shows the birth weights of mothers, adjusted for grandparental age, according to grandparental diabetic status. These measures provide some evidence that women whose mother, father, or both parents (in the last case based on only five mothers) had type 2 diabetes were heavier at birth than women whose parents did not have diabetes. Table 3 gives ORs for the associations of grandparental type 2 diabetes and mother's birth weight. As unadjusted analyses for the full cohort were very similar to those for individuals with data available on potential confounders, we report only the latter here. There is evidence for a U shaped association between type 2 diabetes in maternal grandmothers (adjusted for age) and maternal birth weight that remained after controlling for grandmother's educational status and smoking history. However, there was no association between type 2 diabetes in maternal grandfathers and birth weight of mothers.
Type 2 diabetes in grandparents (F0) and birth weight of grandchildren (F2)
From linear regression analyses, infant birth weight, adjusted for sex and gestational age of the baby provide some evidence that babies who had at least one maternal grandparent with type 2 diabetes were heavier than those babies who had at least one paternal grandparent or no diabetic grandparents (table 4) . Table 5 shows ORs for the association between grandparental type 2 diabetes and tertile of infant birth weight. Despite the reduction in the number of people available for analysis, because of lack of confounder data on the F0 generation, there was little difference between the unadjusted results for the full and the reduced cohorts, and we therefore report only the latter here. There was a positive association between birth weight adjusted for sex and gestational age and type 2 diabetes in maternal grandmothers and also in maternal grandfathers. There was very little change when using fully adjusted birth weight and additionally adjusting for age and smoking history of maternal grandmother or grandfather as appropriate.
The inverse association between tertile of birth weight, adjusted for sex and gestational age, and type 2 diabetes in paternal grandmothers demonstrated evidence of nonlinearity. There was an inverted U shaped association between grandchild's birth weight adjusted for sex and gestational age, and type 2 diabetes in paternal grandfathers but after further adjustment for other confounders the evidence for this association was lessened.
DISCUSSION
To our knowledge this is the first study to show intergenerational associations between type 2 diabetes in one generation and birth weight in the subsequent two generations in a population without a very high prevalence of type 2 diabetes. The findings offer some support for the role of both intrauterine prenatal development and parental genetic factors in establishing an association between type 2 diabetes in one generation and birth weight in the subsequent generations.
Strengths and limitations of the study
The major strength of the study is its large size and the wealth of data collected on three generations of individuals. This enabled us to compute a robust measure of fetal N Replication of these investigations in studies with both data on early life growth and DNA on ancestors and offspring could improve understanding of diabetes aetiology. growth-adjusted birth weight-rather than having to use the relatively crude measure of unadjusted birth weight, and also allowed us to control for several important confounding variables in the analyses. As just over 1% of the study children had a sibling in the study, this small number would not have influenced the effect estimates or confidence intervals presented. Several limitations deserve consideration. Most importantly, complete data were not available for all grandparents (F0) and parents (F1). Diabetic status was not available on over one third of paternal grandparents. Furthermore, type 2 diabetic status was assigned based on the mothers' (F1) report of whether grandparents had diabetes not requiring insulin. This will have missed some people with type 2 diabetes, as insulin is also used in the treatment of this condition. However, the proportions of maternal grandparents with type 2 diabetes as reported by mothers (F1) are in close agreement with published type 2 diabetes prevalence data for adults, including a self reported figure of 2.4%. [23] [24] [25] [26] The paternal grandparent diabetes data, although only available for a smaller proportion of these people, are also similar to published figures. The mean birth weight of the F2 babies included in the analyses was higher than that of those excluded because of missing data. However, there were only small differences between the results for the complete and the reduced datasets. This volume of missing data highlights the need for replication of the analyses in studies with more complete data on earlier generations.
Only a crude measure of gestational age was available on parents, and birth weight itself was not available on over 40% of mothers (F1). However, the broad similarity in the proportion of mothers with a diabetic parent and the proportion who smoked during pregnancy, and in parity, ethnic background, height, and infant birth weight, for women who reported their birth weight and those who did not, again indicates that significant bias is unlikely to be operating. Nevertheless, the data are somewhat limited and caution is needed in interpreting the results. As stated in the introduction, birth weight data were only available on a relatively low proportion of the F1 fathers, and therefore examination of the association between paternal birth weight and paternal grandparental risk of diabetes was not carried out. Also, as data on parents (F1) and grandparents (F0) were reported by the mother of the baby (F2) misclassification is possible, although several reports have shown that in women, self reported birth weight 27 28 and diabetic status 3 are reliable. Finally, examination of the proportion of grandparents with type 2 diabetes among those mothers with and without reported birth weight also indicates that the likelihood of serious selection bias is low.
Explanations of findings
The observed associations between infant fetal growth or parental birth weight and grandparental risk of type 2 diabetes could reflect four basic processes. Firstly, socioenvironmental factors could influence the risk of type 2 diabetes in grandparents (F0) and the fetal growth of their descendants. This would generate similar associations between birth weight of parents (F1) and grandchildren (F2), and type 2 diabetes risk in grandmothers and grandfathers, but this was not the case in this study.
Secondly, shared environmental triggers of diabetes in later life could also have a role, but such triggers are unlikely to be associated with birth weight across three generations.
Thirdly, the intrauterine environment may be important. Mothers who have gestational diabetes are more likely to have large babies who are at risk of later type 2 diabetes. That the effect of intrauterine exposure to diabetes is not simply attributable to confounding by genetic factors has been demonstrated in Pima Indians. 29 Among siblings discordant for exposure to diabetes in utero, there was an almost fourfold risk of developing diabetes in the exposed sibling compared with the sibling born before diagnosis of maternal diabetes, and therefore unexposed. No difference in risk, however, was observed between offspring born before and after the diagnosis of paternal diabetes. The daughters of rats with streptozocin induced diabetes had higher blood glucose concentrations during late pregnancy than those of control pregnant rats. 30 When the mother was mildly diabetic there was fetal islet cell hyperplasia and hyperinsulinaemia with subsequent neonatal macrosomia, an effect that persisted into third generations fetuses. In this study we do not have data on grandmaternal glucose levels in pregnancy, but the associations reported are consistent with the effect of grandmaternal increased glucose during pregnancy-that is, an excess of high birthweight babies among the offspring of the grandmothers who developed type 2 diabetes. Finally, genetic factors may operate. Before this study, four other studies in humans have provided evidence for the intergenerational transmission of risk of low birth weight from parents with type 2 diabetes. [17] [18] [19] [20] (Studies carried out in the mid-20th century that found offspring of diabetic men to have higher birth weight than controls would have been dominated by men with type 1 diabetes, 31 32 and within individuals, higher own birth weight predicts a higher risk of developing type I diabetes 33 ). In Pima Indians, a population with a high prevalence of type 2 diabetes, an inverse association between offspring birth weight and paternal diabetes has been described, 17 but birth weight was positively associated with maternal diabetes, leading the authors to suggest that the high prevalence of gestational diabetes and the large effect of maternal hyperglycaemia in this population could mask any effect of maternal genes that may also be associated with low birth weight. Recently this possibility has been confirmed. In a UK study, birth weight of offspring was inversely related to maternal insulin resistance in late adulthood, 18 a large Swedish study found that birth weight adjusted for gestational age was inversely related to both maternal and paternal diabetic mortality, 19 and in the 1958 UK birth cohort type 2 diabetes in fathers was associated with lower offspring birth weight, while a similar association with diabetic mothers was restricted to those women who were likely to have been free of metabolic disturbances related to diabetes at the time of birth. 20 These studies therefore point to the role of both maternal and paternal genetic effects and offer support for the ''fetal insulin hypothesis'', which states that common, as yet undefined, polygenic genetic factors that increase insulin resistance, both in utero and in adult life would result in a small, thin baby and an adult with insulin resistance and increased risk of type 2 diabetes, particularly in the presence of obesity. 7 Taking the intra-uterine environment and diabetic genes mechanisms together a U shaped association between grandmaternal type 2 diabetes and birth weight of their offspring might be expected, with higher prevalence of grandmaternal diabetes among the women who had low and high offspring birth weight. This is indeed what is seen in this study. The associations of paternal grandparental diabetes and birth weight of grandchildren offers only weak support for the role of paternal diabetes genes, however. The hypothesis that epigenetic factors may influence diabetic risk in subsequent generations was advanced in a recent study from Sweden that found increased diabetic mortality in the grandchildren of paternal grandparents who were exposed to a surfeit of food in the growth period prior to puberty. 34 Our finding that maternal grandparents of babies in the highest birthweight tertile had an increased risk of type 2 diabetes is consistent with this explanation. Scientific consideration of 3438 (3432 to 3444) At least one maternal and one paternal grandparent (24) 3505 (3390 to 3620) *Birth weight to nearest gram adjusted for sex of baby and gestational age epigenetic inheritance, until recently a neglected and somewhat maligned concept, has been advocated, 35 but rigorous evaluation of this mechanism in other studies is required.
Maternal genetic effects on glucose tolerance and offspring birth weight have both been explicitly demonstrated elsewhere. 36 37 A study of mothers and infants with mutations in the gene that codes for glucokinase, suggested that a mutation in the mother resulted in an increase in fetal size, mediated through increased fetal insulin secretion in response to maternal hyperglycaemia, but the same mutation in the fetus resulted in small fetal size, mediated through decreased insulin secretion. When both mother and fetus had the glucokinase mutation, the two opposing effects cancelled out and the baby was of normal weight. 36 Similar findings have been reported in mice. 37 In this study the U shaped association between diabetes in maternal grandmothers and their daughter's birth weight and the positive associations between diabetes in both maternal grandparents and grandchild's birth weight offer support for both intrauterine prenatal developmental and genetic effects. Exactly which genetic factors may be responsible for transmission of diabetes risk at a population level are as yet unknown.
In conclusion, the findings in this study provide, for the first time, evidence that intrauterine factors and genetic influences may contribute to the intergenerational association between risk of type 2 diabetes and birth weight in a population without a very high prevalence of type 2 diabetes. The limitations of this study point to the need to replicate the findings in studies with detailed data on growth in the first years of life together with mitochondrial and genomic DNA data on mothers, fathers, and offspring. Such investigations will improve understanding of the aetiology of this complex and increasingly prevalent disorder.
